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a b s t r a c t
Novel adenoviruses were isolated from a long-tailed duck (Clangula hyemalis) mortality event near
Prudhoe Bay, Alaska in 2000. The long-tailed duck adenovirus genome was approximately 27 kb. A
907 bp hexon gene segment was used to design primers speciﬁc for the long-tailed duck adenovirus.
Nineteen isolates were phylogenetically characterized based on portions of their hexon gene and 12
were most closely related to Goose adenovirus A. The remaining 7 shared no hexon sequences with any
known adenoviruses. Experimental infections of mallards with a long-tailed duck reference adenovirus
caused mild lymphoid inﬁltration of the intestine and paint brush hemorrhages of the mucosa and
dilation of the intestine. This study shows novel adenoviruses from long-tailed ducks are diverse and
provides further evidence that they should be considered in cases of morbidity and mortality in sea
ducks. Conserved and speciﬁc primers have been developed that will help screen sea ducks for
adenoviral infections.
& 2015 Elsevier Inc. All rights reserved.
Introduction
An unusual outbreak of mortality in long-tailed ducks (Clangula
hyemalis) in the Beaufort Sea in 2000 caused by an uncharacterized
adenovirus (Adenoviridae) (Hollmén et al., 2003a) warranted further
research to better understand the origins and pathogenicity of the
virus and facilitate subsequent diagnosis. Adenoviridae are a diverse
group of pathogens that infect numerous vertebrate species and
consist of ﬁve genera (Fitzgerald, 2008). Mastadenovirus is speciﬁc
for mammalian hosts, Aviadenovirus for avian species and one
species of Ichtadenovirus has been isolated from sturgeon (Acipenser
transmontanus). The Atadenovirus and Siadenovirus are less speciﬁc
in their host range and have been isolated from a range of
vertebrates, including birds (Fitzgerald, 2008). Although adenovirus
infections are common in many avian species, they generally
display low virulence causing subclinical or mild disease unless
infecting individuals that are immunocompromised or co-infected
with another pathogen (Fitzgerald, 2007). Both wild and domestic
birds are infected by adenoviruses, and the poultry industry can
experience large economic losses due to adenovirus outbreaks in
susceptible ﬂocks (Fitzgerald, 2007). The prevalence, molecular
epidemiology, and overall impact that adenoviruses have on wild
bird populations are not well understood.
Adenoviruses are non-enveloped icosahedral virions with non-
segmented, linear, double-stranded DNA genomes that range in size
from 26 to 45 kb (Davison et al., 2003). The major structural proteins
in the capsid consist of the hexon, penton base, and ﬁbers (Hess,
2000). Antigenic determinants that are group, subgroup and type-
speciﬁc are located on the hexon protein (Adair and Fitzgerald,
2008). The hexon is comprised of conserved pedestal regions and
variable loop regions. The hexon loops have been useful for PCR-
based detection of speciﬁc adenoviruses, because they contain
hypervariable regions that encode type-speciﬁc antigenic determi-
nants (Raue et al., 2005).
Long-tailed ducks are sea ducks that winter in coastal marine
environments and migrate to arctic and subarctic wetlands to breed
(Robertson and Savard, 2002). Population estimates of breeding long-
tailed ducks in Alaska and Yukon Territory, Canada, indicate declines
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of approximately 50% since the mid-1970s (Mallek and Groves, 2008).
Identiﬁcation of causes of mortality is critical to understanding
population declines of long-tailed ducks and to the development of
management actions. In North America, tens of thousands of long-
tailed ducks in total have died in outbreaks of avian cholera in
Chesapeake Bay (Hollmén and Franson, 2015). However, little is
known about causes of mortality in long-tailed ducks in Alaska,
particularly those related to infectious diseases (Skerratt et al., 2005).
Long-tailed ducks gather in Beaufort Sea lagoons in summer for a
period of post-breeding feather molt, and the high density of
ﬂightless birds increases susceptibility to predation, weather condi-
tions, anthropogenic activity and disease (Flint et al., 2003). A
mortality event occurred in the Beaufort Sea during the summer of
2000 at an unnamed lagoon 80 km east of Prudhoe Bay (Hollmén
et al., 2003a). Adenoviruses were isolated from a carcass and live
long-tailed ducks at the mortality site, and, at lower prevalence, from
live birds at a non-mortality site in Simpson Lagoon approximately
50 km west of Prudhoe Bay (Hollmén et al., 2003a). At the mortality
site, the frequency of adenovirus isolations from cloacal swabs of live-
trapped long-tailed ducks declined from 50% in 2000 to 7% in 2001,
when no mortality was observed, which is consistent with the
adenovirus being associated with the die-off in 2000. Further,
experimental infection of captive long-tailed ducks in 2001 caused
lesions similar to those seen in free-living long-tailed ducks that were
found dead during the mortality event (Hollmén et al., 2003a). Plasma
samples from harlequin ducks (Histrionicus histrionicus) and Barrow's
goldeneyes (Bucephala islandica) were tested for antibodies to the
virus associated with the long-tailed duck mortality event, but all
were negative (Heard et al., 2008). Reports of adenovirus-associated
disease in free-ranging waterbirds appear to be limited to the long-
tailed duck mortality in Alaska, where enteritis was observed, and in
common eiders (Somateria mollissima) found dead in the northern
Baltic Sea, with intestinal impaction (Hollmén et al., 2003a, 2003b).
Outbreaks of pathogens, such as the adenovirus found
among long-tailed ducks, could accelerate population declines
of sea ducks. Therefore, the goals of this project were to
phylogenetically and serologically characterize adenovirus iso-
lates and further assess their pathogenicity. This study had four
objectives: (1) develop primers speciﬁc for the long-tailed duck
adenovirus associated with the mortality event in the Beaufort
Sea in 2000; (2) phylogenetically compare adenovirus isolates
from the mortality and non-mortality sites using hexon
sequence data; (3) conduct cross-neutralization assays on the
different genotypes; and (4) conduct experimental adenovirus
infections using mallards (Anas platyrhynchos) to characterize
pathogenicity in another species and to assess their suitability
as a model study species. Developing speciﬁc primers for the
long-tailed duck adenovirus will make diagnosing similar cases
in sea ducks quicker and more reliable. Understanding the
relationship of this virus to other adenoviruses will expand
our limited knowledge of infectious diseases in wild waterfowl.
Additional experimental studies are also needed to further
understand the pathogenicity of this virus, and appropriate
surrogate species provide such opportunities. This is because
adenoviruses can have similar effects on different avian species
(Adair and Fitzgerald, 2008; Ritchie, 1995). Further work on
pathogenicity will be more feasible should mallards prove
suitable as a model host for long-tailed duck adenovirus
infections.
Results
Virus source and ampliﬁcation
A total of 22 adenovirus isolates were obtained in the summer
of 2000 in the Beaufort Sea, and 21 were included in this study
(Hollmén et al., 2003a). Eighteen were isolated from live long-
tailed ducks, and one was from a carcass at the mortality site, an
unnamed lagoon 80 km east of Prudhoe Bay. The isolate from the
carcass was designated a “reference” strain (LTDUAVref), because it
was conﬁrmed to be associated with mortality (Hollmén et al.,
Table 1
Summary of adenovirus isolates from long-tailed ducks used in this study.
Isolate Sitea A/B primers
ampliﬁcation
I/J primers
ampliﬁcation
LTDU 3/6 primers
ampliﬁcation
Sequenced Groupb GenBank accession
number
9605
(LTDUAVref)c
Mortality þ þ þ A KP264893
9034 Mortality þ þ A KP264895
9036 Mortality þ þ A KP264899
9040 Mortality þ þ þ A KP264900
9041 Mortality þ þ A KP264894
9044 Mortality þ þ A KP264901
9047 Mortality þ –
9048 Mortality þ þ A KP264898
9049 Mortality þ þ þ B KP264909
9050 Mortality þ þ C KP264896
9051 Mortality þ þ B KP264908
9053 Mortality þ þ þ B KP264907
9054 Mortality þ þ C KP264897
9055 Mortality þ –
9058 Mortality þ þ A KP264902
9061 Mortality þ þ A KP264903
9064 Mortality þ þ A
9068 Mortality þ þ þ A KP264904
9069 Mortality þ þ A KP264905
8042 Non-
mortality
þ þ C KP264906
8064 Non-
mortality
þ þ B KP264910
a Mortality indicates isolate obtained from location of die-off, and non-mortality indicates isolate came from the non-mortality site.
b Group designations were determined with phylogenetic analysis of a portion of the hexon gene during this study and refer to groups as designated in Fig. 2.
c Reference isolate.
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2003a). Therefore, it was used for primer development and in the
mallard experimental infections. Two isolates were from live long-
tailed ducks at a non-outbreak site in Simpson Lagoon near
Prudhoe Bay. Refer to Table 1 for a summary of the adenovirus
isolates used in this study. All isolates grew in MDEF cells and had
DNA extracted for PCR.
Development of PCR primers and genetic characterization
Primers targeting the hexon gene of LTDUAVref were designed
for use in PCR. Published primers designed to amplify all group
1 avian adenoviruses were used (Rozen and Skaletsky, 2000).
Additionally, primers were designed using the programs Primer 3
Table 2
Conserved and speciﬁc primers for avian adenoviruses designed in this study and from previous studies.
Forward Reverse Sequence (50–30) Position Reference
Hexon A CAARTTCAGRCAGACGGT 144–161a Meulemans et al., 2001
Hexon B TAGTGATGMCGSGACATCAT 1041–1021a Meulemans et al., 2001
Hexon C SKCSACYTAYTTCGACAT 307–324a Meulemans et al., 2001
Hexon D TTRTCWCKRAADCCGATGTA 887–868a Meulemans et al., 2001
HEV1F TACTGCTGCTATTTGTTGTG 729–748b Hess, 2000
HEV2R TCATTAACTCCAGCAATTGG 2375–2356b Hess, 2000
H5 TTCTGTCACCGATAAAGGT 438–457c Raue and Hess, 1998
H6 AGTTATTCCAAATGGGCAT 2338–2320c Raue and Hess, 1998
MK 89 CCCTCCCACCGCTTACCA 811–828a Xie et al., 1999
MK 90 CACGTTGCCCTTATCTTGC 1229–1211a Xie et al., 1999
Hexon E AGARTATCTWTCMGARRATCT 48–68a This study
Hexon F TAYGGYTTRAADGAWGGTCC 332–313a This study
Hexon G GGACCWTCHTTYAARCCRTA 313–332a This study
Hexon H ATTTCTGHGGYACYTGRATATG 1546–1525a This study
Hexon I TGGACATGGGGGCGACCTA 296–314d This study
Hexon J TGTGCGAGTTGTTGGTGTAC 2749–2730e This study
Hexon LTDU 3 GTGGAGAACTACTTTGGTGTTCAG 317–341f This study
Hexon LTDU 6 TGGAGGAATATACACAGTGTCAGG 694–671f This study
Hexon LTDU 1 ACTATAGATCGTGGACCGTCATTC 194–217f This study
Hexon LTDU 2 TATTCAATTTTTGGTATGCTCCAC 267–290f This study
Hexon LTDU 4 AGCAACTTTAGCTAATGACCCAAT 511–488f This study
Hexon LTDU 5 TGTGTTACACTCTGAGCACCTGTA 585–562f This study
a Position in the fowl adenovirus 1 hexon protein gene sequence.
b Position in the turkey adenovirus 3 or hemorrhagic enteritis virus hexon protein gene sequence.
c Position in the duck adenovirus 1 or egg drop syndrome virus hexon protein gene sequence.
d Position in the turkey adenovirus 1 hexon protein gene sequence.
e Position in the turkey adenovirus 4 hexon protein gene sequence.
f Position in the long-tailed duck adenovirus hexon protein gene sequence.
Fig. 1. (A) Agarose gel of PCR products from long-tailed duck adenovirus isolates ampliﬁed with primers hexon A/B. Positive samples have a band at 907 bp. The lower band
is due to non-speciﬁc binding. (B) Agarose gel of PCR products from long-tailed duck adenovirus isolates ampliﬁed with primers LTDU 3/6. Positive samples have a band at
378 bp. LTDUAVref was the positive control and the negative control was the PCR reaction with all components except DNA template in both A and B.
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(Whitehead Institute for Biomedical Research, Cambridge, MA),
and Oligo (Molecular Biology Insights, Cascade, CO, version 6)
based on the consensus DNA sequence of the hexon gene among
viruses that belong to all three groups of avian adenoviruses, FAV-
1, TAV-3 and DAV-1. Databases available from the National Center
of Biotechnology Information including GenBank, DataBank of
Japan, the European Molecular Biology Laboratory and Protein
Data Bank were searched using the program BLAST (National
Center for Biotechnology Information, U.S. National Library of
Medicine, Bethesda, MD; Altschul et al., 1990) to ensure that
primers were speciﬁc for avian adenoviruses and did not match
sequences from other organisms (Table 2).
The genome size of LTDUAVref was determined using gel
electrophoresis of extracted viral DNA and was approximately
27 kb. A 907 bp PCR product was obtained from the hexon gene of
LTDUAVref using conserved primers hexon A and hexon B that
amplify all fowl reference serotypes that belong to Aviadenovirus
(Table 2 and Fig. 1a; Meulemans et al., 2001). The GC content of the
sequence was 52%. LTDUAVref had the highest region of hexon
sequence similarity to 7 of 8 species of Aviadenovirus found in
genome databases and was most similar to goose adenovirus 4.
Translation of the LTDUAVref sequence also found the long-tailed
duck adenovirus was most similar to the hexon protein of 7 of
8 species of Aviadenovirus with the highest identity with goose
adenovirus 4.
None of the other conserved primers or primers speciﬁc for
FAV-1, TAV-3 or DAV-1 ampliﬁed a PCR product from the long-
tailed duck adenovirus. Primers hexon A/B, C/D, E/F, E/H, F/H and
MK 89-90 produced a PCR product of expected size from FAV-1.
Primers hexon E/F, E/H, F/H and HEV 1F-2R produced a PCR
product of expected size from TAV-3. Primers hexon E/F, E/H, F/H
and H 5-6 produced a PCR product of expected size from DAV-1.
The ampliﬁcation of only the representative virus from the
Aviadenovirus, FAV-1, by hexon A/B indicates the primer set is
speciﬁc for the genus.
Speciﬁc primers were designed for the adenovirus isolated from
long-tailed ducks using sequence data obtained from LTDUAVref PCR
products (Table 2). Primers were chosen in variable loop regions of
the hexon gene rather than in the conserved pedestal regions to
enhance the likelihood of their speciﬁcity (Hess, 2000). Once speciﬁc
primers were developed using LTDUAVref, the remaining 20 long-
tailed duck adenovirus isolates were analyzed with PCR. All combi-
nations of forward and reverse primers designed speciﬁcally for the
adenovirus from long-tailed ducks ampliﬁed a PCR product of
expected size except the primer combination hexon LTDU 2 and
hexon LTDU 6, which did not produce a product (Table 2). Primer
combination hexon LTDU 1 and hexon LTDU 6 also ampliﬁed a PCR
product from FAV-1. Primer combination hexon LTDU 3 and hexon
LTDU 6 produced the greatest amount of PCR product. Sequencing of
this amplicon conﬁrmed that it was homologous with the sequence
derived from the long-tailed duck adenovirus using primers hexon A/
B. Optimal cycling conditions, which enhanced the amount and
speciﬁcity of this PCR product, were similar to the generic conditions
except the annealing temperature was 54 1C and the extension time
was 1 min. The sensitivity of the PCR was 10 pg of puriﬁed viral DNA
or 1 TCID50 when viral DNA was prepared crudely by boiling virus
culture. Reduction of reaction volumes to 20 ml and elimination of the
hot start technique and ampliwax did not affect the sensitivity of the
PCR. Primer set LTDU 3/6 was selected to speciﬁcally identify the
long-tailed duck adenovirus due to its speciﬁcity and generation of
the most amplicon.
The 21 long-tailed duck adenovirus isolates, including LTDUAVref,
were grown in MDEF culture. All were analyzed with the hexon A/B
primer set, but an ampliﬁcation product was not obtained from
7 isolates with the hexon A/B primers (Table 1, Fig. 1a). These 7 isolates
ampliﬁed with primer set hexon I/J (isolates 9047, 9050, 9054, 9055,
9061, 9069 and 8042; Table 1). All of the isolates were also analyzed
with the LTDU 3/6 primers, but only 5 isolates from the mortality site
produced products (Fig. 1b, Table 1). Sequencing was performed on PCR
products from all 21 isolates using the hexon primer set that ampliﬁed
the isolate. Sequences were obtained for 19 isolates: 14 with hexon A/B
primers and 5 with hexon I/J primers. Comparison of the 19 sequences
to one another using BLAST and phylogenetic analysis determined the
isolates fell into 3 groups designated A, B, and C (Table 3 and Fig. 2).
Twelve isolates, which were all obtained from long-tailed ducks at the
mortality site, including LTDUAVref from the carcass, comprised a
primary group, Group A. Four isolates, 3 from ducks at the mortality
site and 1 from a duck at the non-mortality site, formed a closely
related secondary group that was distinct from the primary Group A,
and designated Group B. Three additional isolates, 2 from the mortality
site and 1 from the non-mortality site formed a distinct tertiary group,
Group C. The isolates in Group A had a 62–99% range of identity, while
Group B had a 93–99% range of identity, and Group C had an 85–94%
range of identity in the hexon gene region sequenced. A comparison of
the long-tailed duck adenovirus hexon gene sequences to other
sequences in GenBank determined that Group A isolates were most
Table 3
Pairwise comparison of percent nucleotide identity for the 19 adenovirus isolates sequenced.
PCR Product Size Primer Set Used 9605 9034 9044 9058 9068 9041 9053 9048 9036 9040 9051 9049 8064 9050 9054 9061 9069 8042 9064
907 bp A/B 9605 74 73 68 77 76 0 73 74 74 0 0 0 0 0 81 81 0 72
907 bp A/B 9034 69 73 75 71 0 72 70 90 0 0 0 0 0 73 73 0 62
907 bp A/B 9044 68 68 76 0 70 67 68 0 0 0 0 0 77 77 0 76
907 bp A/B 9058 68 73 0 68 67 73 0 0 0 0 0 77 77 0 76
907 bp A/B 9068 68 0 70 70 80 0 0 0 0 0 77 77 0 74
907 bp A/B 9041 0 69 69 76 0 0 0 0 0 66 66 0 66
907 bp A/B 9053 0 0 0 99 99 93 0 0 0 0 0 0
907 bp A/B 9048 70 72 0 0 0 0 0 75 75 0 74
907 bp A/B 9036 75 0 0 0 0 0 78 78 0 77
907 bp A/B 9040 0 0 0 0 0 75 75 0 0
907 bp A/B 9051 98 94 0 0 0 0 0 0
907 bp A/B 9049 97 0 0 0 0 0 0
907 bp A/B 8064 0 0 0 0 0 0
2421 bp I/J 9050 87 0 0 85 0
2421 bp I/J 9054 0 0 94 0
2421 bp I/J 9061 99 0 66
2421 bp I/J 9069 0 66
2421 bp I/J 8042 0
907 bp A/B 9064
Unshaded columns are isolates in Group A, light gray columns are isolates in Group B and the dark gray shaded columns are in Group C.
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related to sequences from the Goose adenovirus A, strain goose
adenovirus 4. Interestingly, sequences of isolates in Groups B and C
did not have similarity to Adenoviridae or any other viral sequences in
GenBank. The phylogenetic analysis using the maximum likelihood
method comparing the long-tailed duck hexon sequences with those of
other avian adenoviruses conﬁrmed the relationship of Group A with
goose adenovirus 4 and the uniqueness of the other groups.
Cross-neutralization assay
Four isolates were chosen for use in virus neutralization assays:
3 representatives from Group A and 1 from Group B. None of the
isolates were neutralized by adenovirus group I or group II
reference antisera.
Experimental infections
Mallard ducklings were raised to 5 weeks of age to ensure their
immune system was functional in order to examine the effects of
the adenovirus on it as lymphoid pathology had been noted
previously in long-tailed ducks (Hollmén et al., 2003a). The
growth rate of lymphoid tissue in other species of ducks becomes
asymptotic or declines within ﬁve weeks of hatching, thus there
was no reason to further delay the experiment (Gille and Salomon,
1999).
Ducklings were randomly divided into three groups for the
experiment. There were two doses given, 1.6106 infectious units
(IU) and 3.5105 IU of LTDUAVref (passaged 4 times), respectively,
(n¼9 in each group) and an uninfected control group (n¼8). The
minimum probability of long-tailed ducks developing lesions
(taken as the lower 95% conﬁdence limit, approx. 0.71, given that
13 of 14 developed lesions experimentally) and the binomial
distribution were used to estimate the number of mallards needed
in order to detect signiﬁcantly more lesions in infected mallards
compared with controls with 95% conﬁdence if the virus affected
mallards similarly to long-tailed ducks (Sokal and Rohlf, 1995).
Because the relationship between viral dose and effect on the host
had not been determined for mallards, we used 2 doses that
differed by an order of magnitude in order to increase our chances
of detecting an effect. These doses were similar to those given to
long-tailed ducks (Hollmén et al., 2003a).
Prior to the experiment, blood samples were collected from all
ducklings by jugular venipuncture for routine hematology (hema-
tocrit and total and differential white blood cell counts) carried out
by Marshﬁeld Laboratories (Marshﬁeld, WI) and for testing for
antibodies against avian adenoviruses. Whole blood was collected
again at days 3 and 10 to evaluate hematology parameters. Serum
samples and cloacal swabs were collected twice weekly to deter-
mine antibody responses and duration of virus shedding. The
ducklings were monitored for weight change, feed consumption
and clinical signs of illness, such as lethargy, shivering, gaping and
abnormal feces.
Half of the birds were euthanized one week post-inoculation
and the remainder two weeks post-inoculation. Samples of small
and large intestine, cecum, bursa, cloaca, liver, spleen, lung, kidney,
ovary, testis and oviduct were processed and inoculated into MDEF
cell cultures to determine tissue tropism of the virus. Pieces of the
same tissues and esophagus were ﬁxed in 10% buffered formalin,
processed for light microscopy, and examined for microscopic
lesions.
LTDUAVref was isolated at least once from all virus challenged
ducks at one of the time points during the experiment. Virus was
isolated from cloacal swabs on day 1 (16/18), day 4 (3/18) and day
10 (1/8) after ducks were exposed. Seroconversion occurred in 4 of
9 birds in the 1.6106 IU dose group; 3 reached a 1:32 titer and 1 a
1:8 titer. The response of 1 duck peaked at day 7 and another at day
11, but the other 2 ducks were not tracked past day 7. None of the
ducks in the 3.5105 IU dose group seroconverted. No virus was
isolated from controls, and all were serologically negative to the
virus. None of the mallards died as a result of viral infection. Three
days after mallards were exposed to either adenovirus dose, they
had signiﬁcantly lower blood hemoglobin concentrations compared
with controls (11.8 g/dl70.2 (means and standard errors reported)
versus 12.7 g/dl70.2, respectively, P¼0.01, t-test equal variances
Fig. 2. Phylogeny reconstruction using the maximum likelihood method illustrating the relationship among the long-tailed duck adenovirus isolates and known
Aviadenovirus isolates. The Group A isolates from our study, including LTDUAVref (9605), were most related to Goose adenovirus 4, while the Group B and Group C isolates
were not closely related to other avian adenoviruses. The numbers next to the branches are the bootstrap values.
K.L. Counihan et al. / Virology 485 (2015) 393–401 397
two-tailed, Fig. 3). The total leukocyte counts were signiﬁcantly
higher in the 3.5105 IU dosed group 3 days after exposure
compared with controls and the 1.6106 IU dosed group (median
value of 14.6109 cells/L72.2 versus 7.6109 cells/L70.8
and 6.9109 cells/L72.2, P¼0.02 and 0.03, respectively). Similarly,
at day 3, lymphocyte counts were higher in the 3.5105 IU group
compared with controls and the 1.6106 IU group, P¼0.02 and
0.04, respectively (Fig. 4). Ten days after exposure, heterophils were
signiﬁcantly higher in exposed mallards compared with controls
(6.4109 cells/L70.8 versus 3.1109 cells/L70.7, P¼0.02). Hemo-
globin levels were increased signiﬁcantly in exposed mallards at 10
days compared with 3 days, and the increase was signiﬁcantly more
compared with controls (1.570.3 increase versus 0.270.2 increase,
P¼0.02). There were no other signiﬁcant hematological differences
between exposed and control mallards or between the two groups
given different doses of virus at 3 and 10 days after exposure. There
were no signiﬁcant differences between exposure groups and
controls for the amount of weight increase at days 1, 3, 6, 10 and
13 after exposure to the adenovirus.
Seven and 14 days after adenoviral exposure to either dose of
virus in mallards, histologic examination revealed more lymphoid
aggregates in intestinal mucosa compared with controls consistent
with an inﬂammatory response (Fig. 5). Fourteen days after
exposure two 3.5105 IU and two 1.6106 IU dosed mallards
had dilation of the small intestine and paint brush hemorrhages of
intestinal mucosa, especially in the region of the proximal duode-
num. Virus was isolated from duodenum, cecum, spleen, liver and
lung from one or more ducks euthanized 7 and 14 days after
exposure (Table 4). Of the 10 birds with virus isolated from the
liver, 4 had virus isolated from other tissues; 2 cecum, 1 spleen,
and 1 duodenum. In the 1.6106 IU dose group that serocon-
verted, 2 of the ducklings had virus isolated from liver and a third
from liver and duodenum. These ﬁndings are consistent with
LTDUAVref causing mild to moderate hemorrhagic enteritis in
mallards raised in captivity.
Discussion
The adenovirus associated with the long-tailed duck mortality
event in the Beaufort Sea in 2000 was found to be novel. Part of
the hexon gene was most similar to the Aviadenovirus genus based
Fig. 3. Box plots of hemoglobin levels on day 3 of the experiment in control
mallards versus those exposed to the reference adenovirus (1.6106 infectious
units (IU) and 3.5105 IU dose groups combined). Levels in birds exposed to the
virus were signiﬁcantly lower (P¼0.01, t-test equal variances two-tailed).
Fig. 4. Box plots of lymphocyte levels on day 3 of the experiment in control
mallards and those exposed to the reference adenovirus at 1.6106 infectious units
(IU) and 3.5105 IU of virus. Levels in birds exposed to the lower viral dose were
signiﬁcantly higher than the control and higher dose groups (P¼0.02 and 0.04,
respectively, t-test equal variances two-tailed). Asterisks indicate extreme outliers
(3 box lengths from the upper quartile).
Fig. 5. Sections of intestinal mucosa from mallards. (A) Bird exposed to 1.6106
infectious units of the reference adenovirus; aggregation of lymphoid cells in
center of image. (B) Control bird. Hematoxylin and eosin, 40 . Bar¼50 mm.
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on characterization of several long-tailed duck adenovirus isolates,
including LTDUAVref. However, the representative long-tailed
duck adenovirus isolates from each group that were tested in
the cross-neutralization assay were not neutralized by group I or II
avian adenovirus antisera suggesting they are unique from other
Aviadenoviruses. The genome of LTDUAVref was approximately
27 kb, which is smaller than the approximate 44 kb genome size
of other Aviadenoviruses (Davison et al., 2003). The LTDUAVref
genome is similar in size to Siadenovirus genomes, which are
approximately 26 kb (Davison et al., 2003). Siadenovirus has a wide
host range, but in birds, Siadenovirus causes turkey hemorrhagic
enteritis, marble spleen disease in pheasants and splenomegaly in
chickens (Fitzgerald, 2007). Only the genome size of LTDUAVref
was determined, so the other long-tailed duck adenovirus isolates,
especially the isolates in Groups B and C, may differ in size.
Hexon sequencing and phylogenetic analysis of the long-tailed
duck adenovirus isolates indicated Group A was most closely
related to Aviadenovirus and, in particular, goose 4 adenovirus.
Group A only consisted of isolates from the mortality site and
included LTDUAVref. The isolates in Groups B and C were distinct
from Group A sharing no hexon sequence identity for the segment
sequenced. Groups B and C both contained isolates from the
mortality site and each had one of the two isolates from the
non-mortality site, and this may be a reﬂection of reduced
pathogenicity in these isolates. The isolates within Group B or C
were more closely related to each other than were the isolates in
Group A, despite both being comprised of isolates from the
mortality and non-mortality sites. The lack of similarity of Group
B and C isolates to known Adenoviridae or other viral genetic
sequences in GenBank, and their isolated grouping on the phylo-
genetic tree, suggests they are signiﬁcantly different from LTDUAV-
ref and, therefore, warrant further investigation, especially into
their pathogenicity.
The primers that were designed in this study can be used as a
diagnostic tool to identify similar adenoviruses. The LTDU 3/6 primer
set was designed based on LTDUAVref. The LTDU 3/6 primer set
ampliﬁed sequences from only ﬁve of the 21 isolates, despite
modiﬁcations to cycling conditions, indicating the primer set is fairly
speciﬁc to the experimental virus. The LTDU 3/6 primers will be useful
for identifying adenoviruses that are highly similar to LTDUAVref and
hence viruses that are capable of causing morbidity experimentally.
The two primer sets hexon A/B and hexon I/J were based on
conserved hexon sequences and will be valuable for identifying less
genetically similar adenoviruses. The hexon A/B primer set had been
previously published (Meulemans et al., 2001), but the hexon I/J
primers were developed during this study. They were designed
including newly discovered adenovirus hexon sequences isolated
from turkeys and geese. The hexon A/B and hexon I/J primers will
allow waterfowl samples to be screened rapidly for the presence of
adenoviruses that are similar to ones found in long-tailed ducks.
There is limited information about infectious diseases in waterfowl,
and the availability of additional tools to determine a potential cause
of mortality in a population is valuable.
Experimental infection of mallards with LTDUAVref caused
mild to moderate hemorrhagic enteritis and similar lesions were
observed in experimental infections with long-tailed ducks
(Hollmén et al., 2003a). Our ﬁnding of lower blood hemoglobin
concentrations in mallards exposed to LTDUAVref is consistent
with the hemorrhages seen in the intestine, while the higher
hemoglobin levels seen at day 10 versus day 3 post-exposure are
suggestive of a regenerative anemic response. The elevated counts
of total leukocytes, lymphocytes, and heterophils observed in
mallards are characteristic of an inﬂammatory response, and it is
consistent with the inﬂammation seen in the intestine. It is
possible that total leukocyte and lymphocyte counts were higher
in ducks that received the lower dose of virus because higher
dosed ducks were immunosuppressed by the higher dose of virus.
LTDUAVref shared pathogenicity characteristics with the two
virus families, Aviadenovirus and Siadenovirus, that it was most
similar to genetically. Turkey siadenovirus A causes hemorrhagic
enteritis in turkeys (Pierson and Fitzgerald, 2008). In experimen-
tally inoculated captive long-tailed ducks, the adenovirus infection
resulted in inclusion body hepatitis, but this was not observed in
the mallard infections in this study (Hollmén et al., 2003a).
Chickens develop inclusion body hepatitis as a result of Aviadeno-
virus infection (Adair and Fitzgerald, 2008). LTDUAVref caused
mild disease in both mallards and long-tailed ducks under captive
experimental conditions, which is similar to Aviadenovirus,
whereas Siadenovirus may cause up to 80% mortality in experi-
mental infections of turkeys (Pierson and Fitzgerald, 2008).
Although the long-tailed duck adenovirus reference isolate did
not cause mortality under captive experimental conditions,
Hollmén et al. (2003a) concluded that it is possible that it caused
or contributed to the mortality of long-tailed ducks in the Beaufort
Sea in 2000 when the birds were molting and in suboptimal body
condition. Long-tailed ducks gather in large ﬂocks to molt creating
an environment for efﬁcient infectious disease transmission. The
adenovirus was isolated from live birds, so there is likely a carrier
state for the host. Small mortality events could remain undetected
in long-tailed ducks in the Beaufort Sea given the remote and
relatively uninhabited location.
The results of our study indicate that several adenoviral strains
were present in the population. Additional sequencing of repre-
sentative isolates from each group is necessary to taxonomically
clarify the novel long-tailed duck adenoviruses. Priority should be
placed on the Group A isolates as 71% of the isolates from the
mortality site fell into this phylogenetic group, and LTDUAVref fell
into this group. Inoculation of LTDUAVref into long-tailed ducks
under experimental conditions also caused pathology that was
similar to what was seen in wild long-tailed ducks that were
necropsied (Hollmén et al., 2003a). The higher prevalence of
Group A in the long-tailed duck population suggests it might have
a greater impact on sea duck populations. Populations of several
species of sea ducks in North America have declined signiﬁcantly
over the past 30 years and the role of diseases in these declines is,
for the most part, poorly understood (Hollmén and Franson, 2015;
Skerratt et al., 2005).
Avian adenoviruses are capable of infecting different species of
birds, as is the case with duck adenovirus 1, which can infect
chickens, ducks, geese, and other birds (Adair and Smyth, 2008;
Ritchie, 1995). Our study determined that the long-tailed duck
adenovirus was capable of infecting and causing disease in mal-
lards, in addition to long-tailed ducks. The long-tailed duck
adenovirus reference isolate appears to be more virulent in wild
and captive long-tailed ducks (Hollmén et al., 2003a), causing
Table 4
Virus isolation results from tissues of mallard ducks exposed to two doses
(3.5105 IU and 1.6106 IU of virus) of a novel long-tailed duck reference
adenovirus (LTDUAVref) and euthanized at Days 7 and 14. Number positive/number
tested. Tissues from control ducks (n¼8) were all negative.
3.5105 IU 3.5105 IU 1.6106 IU 1.6106 IU
Day 7 Day 14 Day 7 Day 14
Tissuea
Liver 2/4 1/5 5/5 2/4
Duodenum 0/4 1/5 0/5 1/4
Cecum 0/4 0/5 2/5 0/4
Spleen 1/4 0/5 0/5 0/4
Lung 0/4 1/5 0/5 0/4
a Bursa, cloaca, ovary, oviduct, testis, kidney, and large intestine were negative
for virus isolation.
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more severe lesions and affecting more tissues compared with
mallards raised in captivity in this study. Adenoviruses have been
associated with mortality in two species of sea ducks, common
eiders in the northern Baltic Sea and long-tailed ducks in the
Beaufort Sea (Hollmén et al., 2003a, 2003b). For these reasons, we
recommend that adenoviruses be considered in cases of morbidity
and mortality in other species of sea ducks.
New pathogens can swiftly move through a susceptible popu-
lation and cause high levels of mortality (Friend et al., 2001).
Monitoring for these apparently novel adenoviruses, along with
other emerging pathogens, will be important for identifying
diseases in sea duck populations and evaluating adverse effects.
Increased anthropogenic activity and loss of habitat due to chan-
ging climate conditions may increase stress on long-tailed ducks,
and other birds, heightening their susceptibility to diseases. These
adenoviruses were associated with mortality and disease and
could contribute to declines in long-tailed ducks and other sea
ducks. Surveillance for pathogenic genotypes is required in order
to identify populations potentially impacted by disease.
Materials and methods
Virus source and ampliﬁcation
Long-tailed duck adenovirus isolates were grown in Muscovy
duck embryo ﬁbroblast (MDEF) monolayers prepared as pre-
viously described (Docherty and Slota, 1988). An isolate from a
long-tailed duck carcass was designated a “reference” strain
(LTDUAVref), because it was conﬁrmed to be associated with
mortality (Hollmén et al., 2003a). The MDEF monolayers were
grown in Medium 199 (Sigma-Aldrich, St. Louis, MO) supplemen-
ted with 2 mM L-glutamine, 1% MEM non-essential amino acids
(Sigma-Aldrich), 1% MEM vitamins (Sigma-Aldrich), 0.15% sodium
bicarbonate, 10% heat-inactivated fetal bovine serum, 50 U ml1
nystatin, 100 U ml1 penicillin–streptomycin and 0.025 mg ml1
gentamicin. Fowl adenovirus 1 (FAV-1, chicken embryo lethal
orphan virus, Phelps strain, species Fowl aviadenovirus A, genus
Aviadenovirus, family Adenoviridae, American Tissue and Type
Culture (ATCC), Manassas, VA) was grown in chicken embryo
kidney cells (Spafass Inc., Preston, CT). Sufﬁcient quantities of
turkey adenovirus 3 (TAV-3, turkey hemorrhagic enteritis virus,
species Turkey siadenovirus A, genus Siadenovirus, family Adenovir-
idae) were obtained from the live vaccine Oralvax-HE (Shering-
Plough Animal Health, Omaha, NE). Duck adenovirus 1 (DAV-1,
isolate adenovirus 127, species Duck atadenovirus A, genus Atade-
novirus, family Adenoviridae, National Veterinary Services Labora-
tory, Ames, IA) was grown in MDEF, and human adenovirus 1
(HAV-1, species Human mastadenovirus C, genus Mastadenovirus,
family Adenoviridae) was obtained from ATCC.
DNA was extracted from viruses grown in cells using the method
of Hansen et al. (1999). Brieﬂy, this involves freeze-thawing of viral-
cell culture to disrupt cell membranes and release virus into solution.
Once the virus particles were concentrated from the culture, they
were suspended in 0.2 ml of phosphate buffered saline (PBS) and the
viral DNA extracted using a Qiagen QIAamp MinElute Virus Spin Kit
(Valencia, CA). Purity and concentrations of DNA were determined
using spectrophotometry or comparison of electrophoresed DNA
bands with DNA markers of known concentrations. Size of extracted
DNA was determined by gel electrophoresis. Viral DNA was also
prepared crudely from virus culture by boiling for 20 min. The
amount of active virus present in the culture prior to boiling was
determined by serial 10-fold titration on a 96-well tissue culture
plate. The amount of virus was measured as the number of infective
doses of virus that kill 50% of the cells in the tissue culture (TCID50).
Development of PCR primers and genetic characterization
PCR for primer development was performed using GeneAmp
PCR core reagents and the hot start technique following the
manufacturers recommended protocol (Applied Biosystems, Foster
City, NJ). The reaction volume of 50 ml contained the following
concentrations of ingredients: 200 mM dNTPs, 0.5 mM MgCl2,
2.0 mM primers, 1.25 units amplitaq DNA polymerase, an ampliwax
PCR gem, 1 buffer and 100 pg DNA viral template. Generic
cycling conditions were 94 1C denaturation for 1 min (2 min for
the ﬁrst denaturation), 52 1C for 1 min annealing, extension 72 1C
for 1.5 min (ﬁnal extension 7 min) for 35 cycles. Cycling conditions
were then optimized for speciﬁc PCR products. Products were
analyzed on 1% agarose gel stained with ethidium bromide. Sizes
of products were determined by comparison with 100 bp and 1 kb
markers (Promega, Madison, WI). Serial 10-fold dilutions of DNA
were carried out to determine the sensitivity of PCR reactions that
produced amplicons. Human adenovirus 1, FAV-1, TAV-3 and DAV-
1 were used as both positive and negative controls for PCR
reactions using conserved and speciﬁc primers. Reactions without
template were also used as negative controls.
A 5 Prime MasterTaq Kit (Gaithersburg, MD) was used accord-
ing to the manufacturer's recommendations with the modiﬁcation
of using 0.5 mM MgCl2 to genetically analyze the long-tailed duck
adenovirus isolates with primers speciﬁc for long-tailed duck
adenoviruses. The cycling conditions were denaturation 94 1C for
1 min (2 min for the ﬁrst denaturation) and extension at 72 1C for
1 min (ﬁnal extension for 7 min) for 40 cycles. Primers hexon A/B
and LTDU 3/6 required annealing at 50 1C for 1 min and hexon I/J
required annealing at 55 1C for 1 min. LTDUAVref was used as a
positive control, and a reaction without template was used as a
negative control. PCR products were visualized on a 1% agarose gel
stained with Amresco (Solon, OH) loading dye and stain. Amresco
100 bp ladders were run with PCR products for size determination.
Bidirectional sequencing of PCR products was carried out with
an automated DNA sequencer following cycle sequencing with
thermostable polymerases and ﬂuorescently labeled dideoxy ter-
minators by the Biotechnology Center, University of Wisconsin,
Madison, WI or the University of California Davis Sequencing
Facility. Chromatograms were analyzed with Bioedit (Department
of Microbiology, North Carolina State University, NC, version 5.0.9;
Hall, 1999) or Applied Biosystems Sequence Scanner (Carlsbad, CA,
version 1.0) in order to assess the integrity of sequence data.
Genome and protein databases were searched using BLAST for
matches to sequences obtained from PCR products. Phylogenic
trees were constructed by aligning hexon sequences using Clustal
W and then using the maximum likelihood method with 500
bootstraps in Mega, version 5.1 (Tamura et al., 2011). The con-
sensus tree was generated using hexon gene sequences in Gen-
Bank from adenoviruses whose genomes had been fully
sequenced: Goose 4 (accession #JF510462.1), Fowl A (accession
#U46933.1), Fowl C (accession #GU188428.1), Fowl D (accession
#AF083975.2), Fowl E (accession #GU734104.1), Fowl B (accession
#KC493646.1), and Turkey B (accession #GU936707.2).
TCID50 determination and cross-neutralization assay
The TCID50 and cross-neutralization assays were conducted
with MDEF cells in supplemented Medium 199, as described
above. Cross-neutralization assays were conducted on adenovirus
isolates according to previously described methods (Thayer and
Beard, 1998). Avian adenovirus I antisera (serotypes 1, 3, and 5;
Charles River Laboratories International, Inc., Wilmington, MA)
and avian adenovirus II antiserum (Charles River Laboratories
International, Inc.) were tested against representative long-tailed
duck isolates. The TCID50 was determined for each of the virus
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isolates to be tested using the Spearman–Karber formula. The
cross-neutralization assay was conducted for each isolate using
serum serially diluted twofold.
Experimental infections
One day old mallard ducklings were purchased from a duck
breeder (Whistling Wings, Hanover, IL) to increase the likelihood
that they would be naïve to avian adenoviruses. The ducklings
were kept together upon arrival for 4 weeks and then divided into
three groups and housed separately. The ducklings were held an
additional week in their groups prior to inoculation. Birds were
housed in the National Wildlife Health Center Biosafety Level
3 facility in isolation rooms in brooder units until they were placed
on the ﬂoor at 2 weeks of age. Rooms were maintained at 18 oC
and on a light:dark cycle 12 h:12 h. The ducklings were fed a
commercial diet (Purina Duck Starter 8855, Land O'Lakes Purina
Feed, Shoreview, MN) ad libitum throughout the study.
Ducklings in the infected groups were inoculated orally via a
4.7 mm diameter feeding tube 33 cm in length and 3 ml syringe
with the virus diluted in 2 ml of virus transport medium (Hanks
balanced salt solution with calcium and magnesium supplemented
with 0.05% (v/w) gelatin, 5% glycerol, 0.1 mg ml1 gentamicin,
100 U ml1 penicillin–streptomycin, 100 U ml1 nystatin, buffered
to pH 7.6 with sodium bicarbonate). Control ducklings were given
virus transport medium only. Tubes were ﬂushed with 3 ml of
sterile water before removal from the bird's esophagus. Our
experimental protocol was approved by the U.S. Geological Survey
National Wildlife Health Center Institutional Animal Care and Use
Committee.
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